~/ Artificial cerebrospinal fluid (CSF) containing radioisotope iodinated (1251) serum albumin (RISA) and either blue dextran or indigo carmine was given to white New Zealand rabbits over 4 hours. In one group it was given by ventriculocisternal perfusion, in one by ventricular infusion, and in one by cisterna magna infusion. Blood was sampled continuously from the superior sagittal sinus (SSS) or intermittently from the systemic arterial circulation. Removal of CSF from the cisterna magna during the ventriculocisternal perfusion kept the intracranial pressure (ICP) at 0 to 5 torr, whereas ventricular or cisterna magna infusion raised the ICP to 20 to 30 torr and 15 to 20 torr, respectively. In the two groups with raised ICP, an increased concentration of RISA was present in the optic nerves, olfactory bulbs, episcleral tissue, and deep cervical lymph nodes; but this was not found in the group with normal ICP. In all three groups, the concentration of RISA in the SSS blood was the same as in the systemic arterial blood. The concentration gradient of RISA across the cerebral cortex was similar in both the ventriculocisternal perfusion and the ventricular infusion groups. With cisterna magna infusion, the concentration of RISA was the same on the cortical surface and less in the ventricles compared with the ventricular infusion. It is concluded that, with elevated ICP, CSF drained via pathways that are less evident under normal pressure. Drainage of CSF was similar irrespective of whether the infusion site was the ventricles or cisterna magna. It did not appear that acute dilatation of the ventricles during ventricular infusion compromised the subarachnoid space over the surface of the hemisphere, as the concentration of RISA on the convexities and in the SSS blood did not significantly differ between the groups. Transcortical bulk transfer of CSF was not evident with raised ICP.
results purporting to show bulk absorption of CSF by the hydrocephalic brain. Bering and Sato 2 and later Sahar, et al., zs reported "transventricular" bulk absorption of CSF in animals made hydrocephalic by injection of kaolin into the cisterna magna. These studies have been proven invalid by Eisenberg, et al., 14 as the model results in CSF being diverted into the dilated central canal of the spinal cord to pass out into the subarachnoid space at the ilium terminale rather than being absorbed by the brain. The presence of isotopes in the periventricular white matter has also been given as evidence for bulk absorption of CSF by the brain. I9,23 This effect can be explained solely on the basis of molecular movement in response to a concentration gradient, and does not necessarily imply net transfer of CSF.
While studying the arachnoid villi pore size and its response to pressure, if any, James, et al., TM noted that artificial CSF containing a blue dextran with a molecular weight of 2 x 10 ~ accumulated in the episcleral region. These findings are similar to the work previously reported by Field and Brierley, 15 and Courtice and Simmonds. TM We conducted the following experiments to observe the effect of intracranial pressure (ICP) on the route of CSF drainage.
Materials and Methods
Adult white New Zealand rabbits of either sex, weighing 2.4 to 3.4 kg, were anesthetized with intravenous pentobarbital (30 mg/kg, supplemented as necessary). The animals were artificially ventilated by a tracheostomy on a constant-volume respirator.* End-tidal COz was continuously monitored t and maintained at 2.8% -!-_ 0.5%. A catheter was inserted into the femoral artery for continuous blood pressure monitoring, recording, and intermittent sampling of arterial blood.$ Arterial blood gases and pH were monitored hourly.w Lactated Ringer's solution with 5% dextrose was infused through a catheter placed in the femoral vein, at approximately 20 ml/hr for fluid maintenance and replacement of blood sampling losses. A heating pad kept the rabbit's temperature at 39 ~ + 0.5~ as measured with a rectal probe. The rabbits were heparinized with an initial dose of 600 mg/kg, supplemented at 2 and 3 hours with an additional 300 mg/kg bolus. justed to a pH of 7.31 by equilibration with 100% CO2, was added 0.5/zCi/ml of radioisotope iodinated ('251) serum albumin (RISA) and either blue dextran (molecular weight 2 • 106) or 0.15% indigo carmine (molecular weight 466).
In one group of rabbits, the solution was given by ventriculocisternal perfusion, and IVP was monitored by placing cannulas into both lateral ventricles through twist drill holes. 26 A third cannula was inserted into the cisterna magna to remove CSF. In a second group of rabbits, the solution was given by ventricular infusion, and IVP was recorded by placing cannulas into both lateral ventricles but none in the cisterna magna. In a third group, the solution was given by cisterna magna infusion: the dura was surgically exposed between the occiput and the posterior arch of the C-1 vertebra, and a small polyethylene catheter was inserted directly into the cisterna magna. The entry site was sealed with cyanoacrylate tO prevent leakage. A cannula was also placed into one lateral ventricle to measure IVP as compared with pressure in the cisterna magna. For 240 minutes, artificial CSF was pumped at a rate of 60 #l/min for the ventriculocisternal perfusion and 30 #l/min for both the ventricular infusion and cisterna magna infusion.
In all three groups of animals, the superior sagittal sinus (SSS) was exposed at its midportion via a craniectomy and was cannulated with a small polyethylene tube with the use of an operating microscope. Blood appeared to flow around the catheter. Blood was continuously aspirated from the SSS at a rate of 0.06 ml/min for the duration of the experiment.
At the termination of the experiment, the animals were killed with an intravenous bolus of air. The brains were rapidly removed, the proper cannula placement was confirmed, and the areas that were stained blue were noted. Within 9 minutes the brains were prepared as shown in Fig. 1 ; two adjacent sections of cortex were placed one upon the other on a cylinder for cutting, with either the ependymal or cortical surfaces apposed and frozen with liquid nitrogen. The cortex was sliced into sections approximately 0.5 mm thick for counting with an automatic gamma counter.ll Multiple samples were taken from sites as listed in Tables 1 through 3 , to be counted along with the brain slices. Any animal in which a technical failure occurred was eliminated from the study.
Results

Intraventricular Pressures
In the first group, IVP was kept at 0 to 5 torr by continuously removing CSF from the cisterna magna during the 4 hours of ventriculocisternal perfusion. In the second group in which the ventricles were infused II Gamma counter 4000 manufactured by Beckman Instruments Co., 2500 Harbor Boulevard, Fullerton, California.
FIG. 1. After the rabbit's brain is removed (a), it is divided into halves at the corpus callosum and the choroid plexus is removed (b). By opening the ventricular cavity (c), it is possible to convert the curved cortical surface to one that is flat (d). Two adjacent squares of cortical mantle are sectioned (e and f), and placed one upon the other with either the ependymal or cortical surfaces in apposition (g). The section is frozen onto a cylinder with liquid nitrogen (h) for cutting into 0.5-ram slices which are individually counted. at 30 #l/min, the IVP rose gradually to 20 to 30 torr during the first 2 hours, then stabilized at this level in most animals; however, in some, the IVP continued to rise until cerebral blood flow ceased, invalidating the experiment. There did not appear to be a correlation between IVP and the ventricular infusion rate except that the percentage of animals in which the IVP leveled off at the 20 to 30 torr range became progressively less with higher ventricular infusion rates. In the third group, cisterna magna infusion at 30/_d/min resulted in a slow elevation of pressure at the cisterna magna; pressure became constant at 15 to 20 torr by 2 hours. It was not possible to obtain satisfactory pressure recording from the cannula placed into the lateral ventricle. Higher infusion rates were not attempted. In only a small proportion of the third group of rabbits did a progressive rise in ICP compromise the cerebral blood flow.
Dye Distribution
At about 2 hours after the ventricular or cisterna magna infusion was begun, the episcleral tissue of the eyes took on a blue cast. At 4 hours, this tissue was very blue and distended with fluid ( Fig. 2) . These changes were not noted in animals that had undergone ventriculocisternalperfusion. Blue dextran with a molecular weight of 2 x 106 was the visible bulk-flow tracer initially added to the CSF, but later indigo carmine with a molecular weight of 466 was substituted to eliminate any possibility of the dextran obstructing the normal drainage channels. Although there did not appear to be any appreciable difference in the CSF drainage results with the substitution, all the data reported are those involving the use of the indigo carmine. The indigo carmine is a brighter blue than the dextran and easier to see when faint. The distribution of these two tracers was similar.
In the group of animals undergoing the ventriculocisternal perfusion, the indigo carmine was confined to the ventricular system, and no dye was present over the convexities or elsewhere. In the ventricular infusion group, the ventricular surface was also stained blue, as were the subarachnoid space at the base of the brain, the cranial nerves, episcleral tissue, and often the deep cervical lymph nodes. The surface of the hemispheres and dura mater along the SSS was not colored. The dye leaked around the ventricular cannulas only rarely, and in those instances the experiment was omitted from the series.
Infusion at the cisterna magna resulted in dye staining the base of the brain, episcleral tissue, and deep cervical lymph nodes to approximately the same degree. The subarachnoid space about the hindbrain and spinal cord was stained more and the ventricular surface less compared with the group with ventricular infusion. No indigo carmine was present over the hemispheric surface or dura mater near the SSS following the cisterna magna infusion, results similar to those with the ventricular infusion.
RISA Distribution
As would be anticipated, tissues that stained blue generally had a higher concentration of RISA. The . Each bar graph represents the mean of two samples from six to 11 experiments. The cortical mantle, approximately 3 mm in thickness, is divided into six 0.5-mm slices with 1 being the cortical surface and 6 the ependymal. The activity of RISA at any point in the cortex was not significantly altered when the normal intraventricular pressure, 0 to 5 torr, maintained during ventriculocisternal perfusion was raised to 20 to 30 torr during ventricular infusion. With either ventriculocisternal perfusion or ventricular infusion, only a small amount of RISA reached the cortical surface. Infusion of the artificial cerebrospinal fluid (CSF) at the cisterna magna did not result in an appreciably higher concentration of RISA in the cortical surface, nor did much enter the ventricular system. RISA concentration at the optic nerves, olfactory bulbs, episcleral tissue, and deep cervical lymph nodes was higher following the ventricular and cisterna magna infusions than after ventriculocisternal perfusion (Table 1) . The values represent individual concentrations from the right and left side of a given rabbit, as the activity varied greatly as to side and animal. The RISA concentration was often very high in only one of the two deep cervical nodes following the ventricular or cisterna magna infusions. Table 2 shows the RISA concentration within the central nervous system (CNS) of the three groups of animals at the end of the experiment. The amount of isotope in the choroid plexus and brain homogenate was the same for the ventriculocisternal perfusion and ventricular infusion but less for the cisterna magna infusion. The RISA concentration in CSF for the ventricular infusion group was measured from single samples obtained by tapping the cisterna magna after 4 hours, while that in the ventriculocisternal perfusion group was an average of the effluent after a steady state had been reached. That the latter concentration was higher can be explained by the faster rate at which the artificial CSF was introduced into the ventricular system. Infusion of artificial CSF into the cisterna magna in the third group obviated CSF sampiing at this site.
Although the cerebellum, pons, medulla, spinal cord, and cauda equina were bluer after the cisterna magna infusion than with the ventricular infusion, the * Values are expressed as a percentage of the concentration entering the ventricles during ventriculocisternal perfusion, ventricular infusion, or cisterna magna infusion. The values represent individual concentrations from the right and left sides of a given rabbit. As the activity varied greatly as to side and animal, individual concentrations are presented rather than means with very large limits of error. IVP = intraventricular pressure.
RISA concentration of the homogenate in the various regions was the same, indicating little penetration of the isotope from the surface. The higher concentration in the cauda equina probably reflects the greater amount of neural surface per unit volume exposed to the subarachnoid space and meninges clinging to roots.
The RISA concentrations in the cortical slices are depicted graphically in Fig. 3 . The cortical mantle varied in thickness between 2.5 and 3 mm over most of the hemisphere, and as the mantle had little complexity it was possible to convert the curved surface to one that was fiat. No difference in isotope concentration was found when the ependymal versus the cortical surfaces were apposed. Raising the IVP did not affect the concentration gradient of RISA in the cor- tex. The small amount of RISA that reached the cortical surface during the ventricular infusion was not significantly increased when the infusion site was changed to the cisterna magna. Little RISA entered the ventricles following the cisterna magna infusion.
Most of the RISA concentration differences in tissues outside the CNS (Table 3) relate to the higher level of RISA activity in the blood of the two groups with elevated ICP. The higher RISA concentration in the ocular globe and eye muscle in animals being infused is because these tissues were in proximity to the episcleral tissue and it was difficult to completely separate one tissue from another.
Little RISA was transferred into the systemic circulation during the ventriculocisternal perfusion ( Fig.   4 upper) , whereas a steady rise in blood RISA concentration occurred with both the ventricular and cisterna magna infusions ( Fig. 4 center and lower) and can be related to the elevated ICP. In none of the three experimental groups was the RISA concentration in the SSS blood greater than in the systemic arterial blood. After subtracting the residual RISA in the CNS (13 gm 5) and CSF (2 m126) at the end of the 4 hours of infusion, based on a RISA volume of 50 ml/kg, ~ the maximum concentration of RISA in the blood at the end of the experiment would be 3.8%. As the actual values for the ventricular and cisterna magna infusions were 1.43% and 1.41%, only 37% of the RISA that was infused reached the systemic circulation. 
Discussion
The IVP slowly rose and became stable at 20 to 30 torr about 2 hours after the ventricular infusion began. Infusion at the cisterna magna produced the same pressure response, but equilibrium was reached at 15 to 20 torr. The difference between the two may represent the resistance to flow from the ventricles to the subarachnoid space. Some animals never reached equilibrium, since the IVP rose until the cerebral blood flow ceased, indicating progressive accumulation of retained CSF infusate. The steady-state IVP was not successively elevated with faster infusion rates; rather a greater percentage of animals experienced progressive pressure elevations to the point that cerebral blood flow ceased. Thus, it appears that in some animals large volumes of infused CSF can be drained once a certain pressure is reached, while in others limited access to these pathways precludes drainage of even small amounts of CSF, and the ICP progressively rises until death ensues.
The increased RISA activity in the olfactory bulbs and optic nerves following ventricular or cisterna magna infusion indicates that the raised ICP results in artificial CSF being directed into the subarachnoid space surrounding these nerves. It has been well documented that particulate matter injected into the subarachnoid space will accumulate in this space where it ends at the cul-de-sac at the root exit zones of these cranial nerves in particular and, to a lesser degree, of the remaining cranial nerves and spinal nerves as well. 6,1~
In a manner not fully understood, the CSF and particulate matter cross the arachnoid-dura barrier and become epidural. Thence they enter tissue spaces termed "pre-lymphatics" (as endothelial-lined channels are not present), and then subsequently proceed into the defined lymphatic system.
After accounting for the residual RISA in the CNS following either a 4-hour ventricular or cisterna magna infusion, only 37% of the total quantity of RISA infused was present in the systemic circulation. Even after adding the quantity of RISA in the cervical lymphatic system, Bradbury and Cole ~ could only account for 50% of that injected into the ventricles. Davson, et al., 12 found a 25% discrepancy between the amount of RISA infused into the ventricles that subsequently appeared in the systemic circulation and a like amount infused intravenously. If CSF drained directly into the blood via the arachnoid villi, this discrepancy should be small; instead, a substantial proportion of CSF is sequestered between the exit from the CNS and the entrance into the blood.
Raising the IVP for 4 hours did not alter the penetration of RISA into the cortex. Clark 9 reported the diffusion coefficient of RISA as 0.038 x 1 -a, so it would take 45.7 hours for a given concentration of RISA to reach 50% of the initial concentration at a distance of 2.5 mm (the average cortical thickness), assuming free diffusion n and no effect from pressure. enough to detect large movements of RISA, and none was found, indicating no major bulk transcortical transfer of CSF in this acute setting. As Welch 33 has emphasized, since CSF absorption occurs in response to a pressure drop, it would be necessary for ventricular pressure to be greater than capillary pressure, a condition leading to capillary collapse which would make CSF absorption impossible. In addition, brain capillaries are not permeable to the reference substances used purportedly to signify bulk transfdr. If CSF were to be absorbed by the brain in response to pressure, it would be by a metabolic process that is not yet identified.
In none of the three experimental groups did the concentration of RISA in the SSS exceed that of the systemic arterial blood (Figs. 4, 5, and 6 ). This finding is to be expected in the ventriculocisternal perfusion group, as removing CSF from the cisterna magna would prevent any of the artificial infusate from reaching the dorsal cortical surface, but it is surprising for the other two infusion groups. The next question to be answered is whether the experimental design is sensitive enough to detect small quantities of CSF draining into the SSS. Rabbit cerebral blood flow has been shown to be 91.4 _ 5.3 ml/100 gm/min, 27 and the rabbit brain on the average weighs 8 gm; al thus, the average cerebral blood flow would be about 7 ml/ min. From previous examinations of the venous system of the rabbit brain 22 it is estimated that the SSS would account for less than half of the venous drainage. If one assumed an SSS blood flow of 2 ml/min, and that 100% of the 30 #l/min of infused artificial CSF drained into the SSS, the difference in RISA concentration between SSS and arterial blood would be 1.5%. As noted in Figs. 4, 5, and 6, the actual difference in RISA activity is nil. A concentration difference of over 0.05%, representing less than 5% of the RISA infused, would be apparent, although significance would not be achieved until levels of 0.3%, or 20% of the infusate, were reached. As the ICP stabilized at about 2 hours, this would indicate a steady state, with the volume of fluid entering the cranium being balanced by that leaving it.
In the group with ventricular infusion, the dorsal surface of the hemispheres was not stained blue and the RISA activity was low. This finding has previously been noted by Davson, et al. 12 The fact that CSF did not flow into the subarachnoid space over the convexities may be explained as follows: 1) the infusion into the ventricles resulted in their dilatation, with obliteration of the subarachnoid space over the convexities, or 2) CSF drainage in rabbits does not proceed in this direction. Milhorat, et al., 24 have reported obstruction of the subarachnoid space associated with ventricular dilatation in hydrocephalus and subsequent reexpansion after ventricular shunting. In addition, Mann, et al., 2~ have demonstrated that infusion of polystyrene beads into the lumbar subarachnoid space of the rat resulted in rapid appearance of this material in the dural sinuses; however, their injections were made under high pressure and may have produced an artifactual situation. They did not specifically examine the subarachnoid space or the dorsal surface of the hemispheres. At the suggestion of Butler, 7 we infused the cisterna magna with artificial CSF in order to introduce the tracers directly into the subarachnoid space, eliminating the possibility of ventricular dilatation impairing CSF flow over the dorsal surface of the brain. The results from infusing artificial CSF into the cisterna magna were little different from those with ventricular infusion, and indicate that the degree of ventricular dilatation did not alter CSF drainage pathways. Reflux of cisterna magna-infused CSF into the ventricles was small. In a previous report, et al., 22 found no arachnoid villi along the course of the rabbit's SSS; however, these structures were present at the cranial base. This does not mean that CSF could not drain into the SSS by simpler structures acting as one-way valves. This anatomical finding, as well as the present evidence for lack of bulk flow of CSF over the dorsal surface of the brain or a higher concentration of RISA in the SSS, may indicate that CSF drainage into the SSS is not an important route in the rabbit.
Increasing evidence supports the possibility that a significant fraction of CSF drains into the lymphatic system. The magnitude of this non-arachnoid route is yet to be determined. As mentioned previously, Bradbury and Cole 5 found that, in the rabbit, 30% of the CSF drained into the deep cervical lymph nodes, while in the cat the comparable value was 10% to 15%. Their study did not account for any additional CSF exiting via other lymphatic channels in the neck, so that the total fraction may be even higher. The extent of possible lymphatic drainage of CSF in primates and man does not appear to have been investigated to date, and this may play a possible role in the pathophysiology of hydrocephalus, either as an alternative pathway of drainage or as a cause, in cases of impaired access to the lymphatic system. The latter is best illustrated from the work of Schurr, et al., z9 in the dog. These authors found that blocking CSF access to the dorsal surface of the hemispheres did not produce hydrocephalus unless the olfactory route of CSF drainage into the lymphatic system was obstructed as well.
